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1. Introduction
Zinc carbon battery rods have been widely used for 
several applications, such as toys, remote control, radio 
and cameras. Every year battery waste increases. But the 
increase in the amount of battery waste is not balance with 
recycle processing of battery waste. Even though, carbon 
rod from waste of Zinc-Carbon battery contains Alumi- 
num (Al) and Iron (Fe) which are harmful to human health 
and the environment [1–3]. Actually in modern batteries 
don’t use Pb and Hg already in water. This will certainly 
endanger to human health [4, 5]. Good recycling of carbon 
batteries will contribute to improving environmental quali-
ty. Previous studies used carbon rods for graphene oxide and 
biogas [3, 4]. Whereas carbon rods of batteries can be used 
for carbon layer deposition as a source of carbon.
Amorphous carbon layer has been widely used in indus-
try and research. The amorphous carbon layer has a wide va-
riety of properties of mechanical, physical, biomedical, and 
tribological so that it can be utilized in broad applications as 
well [6–8]. Carbon atoms that have sp3 hybridization have 
stronger bonds, so as to increase the hardness value of the 
thin layer of carbon material [7]. 
Previous research of carbon films were successfully 
synthesized using CVD plasma, hollow-cathode plasma and 
plasma sputtering [8]. Plasma sputtering has several ad-
vantages when compared to the other method, such as high 
deposition rate, low substrate temperature, and produce best 
quality thin film at lower substrate temperatures [10, 11]. 
Plasma sputtering bombards the target with energized par-
ticles, so that the ions from the carbon of the target material 
will come out and be deposited on the substrate. One of 
technique for carbon deposition in materials is low frequen-
cy 40 kHz plasma sputtering. The frequency is suitable for 
the plasma sputtering technique because the 40 kHz LFG 
generator has the highest ion density value of the two other 
plasma generator frequencies, 13.36 MHz and 2.45 GHz, so 
that more plasma particles are formed per square inch than 
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Акумуляторнi вiдходи – це вiдходи, якi можуть 
завдати шкоди навколишньому середовищу, i в 
Iндонезiї досi не налагоджена їх якiсна переробка. 
Хоча вiдходи батарей мiстять вуглець, який може 
бути використаний в якостi цiльового матерiалу 
для осадження вуглецевих плiвок з використанням 
плазмового розпилення. Метою даного дослiджен-
ня є визначення ефекту i оптимального значен-
ня потужностi генерацiї плазмового аргону для 
отримання максимального значення твердостi 
стали SKD11, що забезпечує вироблення потуж-
ностi. В даному методi використовується плаз-
ма у виглядi аргону. Аргонова плазма генерується з 
використанням LGF 40 кГц. Тонка плiвка вуглецю, 
що синтезується на сталi SKD11, була випробу-
вана для визначення величини твердостi з викори-
станням мiкротвердостi по Вiккерсу. Виходячи з 
результатiв експерименту, оптимальна потуж-
нiсть, отримана при 340 Вт з найвищим серед-
нiм значенням твердостi, становить 316,7 HV. 
Ґрунтуючись на спостереженнi SEM-EDX, можна 
описати, що порiвняння атомарного вуглецю з 
вуглецевих стрижнiв без обробки (1,5 %) i вуглеце-
вих тонких плiвок на SKD11 з оптимальною енерге-
тичної обробкою (13,36 %) показує рiзнi значення. 
Кiлькiсть атомарного вуглецю тонких плiвок на 
SKD11 з енергетичної обробкою вище, нiж у ато-
марного вуглецю вуглецевих стрижнiв без обробки, 
обумовлює бiльш високе значення твердостi тон-
ких плiвок на сталi SKD11 пiсля обробки плазмовим 
напиленням за оптимальними енергетичними пара-
метрами, нiж у сталi SKD11 без обробки. Сталь 
SKD11, що має високе значення твердостi, що вико-
ристовується в якостi штампiв i рiзання, вимагає 
високих показникiв твердостi
Ключовi слова: сталь SKD11, плазмове напи-
лення, акумуляторнi стрижнi, потужнiсть, LGF, 
твердiсть, аргон, осадження, тонкi плiвки, вуглець
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generators others [11]. Changes of ion density cause changes 
in ion bombardment of the target material for deposition of 
thin films [8, 10].
One of gas that is suitable for use in plasma sputtering is 
argon gas. Argon is an inert noble gas, which means it will 
form very little or no chemical compounds. In argon gas the 
dominant influence in plasma sputtering is a physical reac-
tion. Argon atoms are heavy atoms with low reactive proper-
ties, so it would be more effective if used to target materials 
for deposition of thin films [8, 11].
Recently, the use of steel as a material in the indus-
trial world and machinery has developed rapidly. Steel in 
the market generally has limited mechanical performance. 
One example is SKD11 steel which only has a hardness of 
58–60 HV [13]. Though SKD11 steel is widely used as dies, 
forming, and cutting so it requires high hardness perfor-
mance [13, 14]. 
The highest chemical content of SKD11 steel is car- 
bon (C) [15]. The hardness of steel can also be increased by 
increasing the carbon content of the steel [16]. One of the 
ways to increase carbon content can be done by coating the 
steel with amorphous carbon [17]. The amorphous carbon 
layer is attractive to researchers because of its good mechan-
ical properties such as low coefficient of friction, hardness 
and high durability [18]. The hardness performance of 
SKD11 steel can be improved by deposition of an amorphous 
carbon layer by plasma sputtering process [19].
Previous research on deposition of carbon thin film on 
glass substrate using material target from battery carbon 
rods with plasma sputtering show that the carbon was suc-
cessfully deposited onto glass substrate. It was proved by 
FTIR results, C–C and C=C was formed [1]. In the view of all 
these, argon plasma sputtering to deposition carbon thin film 
using material target from battery carbon rods may provide a 
new efficient approach to improve the mechanical properties 
of films. There is great scope to work on this topic further. 
In the other studies, microstructural changes and hard-
ness variations in SKD11 steel have been investigated 
during the processes of carbide dispersion (CD). However, 
the process of carbide dispersion carburizing requires high 
temperatures at 980 °C and the process takes a long time 
for 120 min. The process certainly requires a greater cost 
that plasma sputtering. Even though, plasma sputtering is 
more simple and cheaper than carburizing method to improve 
hardness performance of SKD11 steel. However, the investi-
gation plasma sputtering process for hardening SKD11 steel 
was limited. On the other sides, SKD11 steel has limited 
hardness performance of 58–60 HV. Even though, the steel 
is commonly used for industrial purposes which require 
a high hardness performance. Therefore, studies that are 
devoted to obtain the maximum average of hardness value of 
carbon thin films on SKD11 steel with optimization of argon 
gas power parameter on plasma sputtering.
2. Literature review and problem statement 
Plasma is the fourth phase form of matter after solid, liq-
uid, and gas [20]. Plasma is formed due to ionization. Plasma 
can be applied as a method for deposition of thin films [12]. 
One application of carbon deposition is carried out on steel. 
Synthesis of thin films has been carried out using plasma 
enhanced chemical vapor deposition, plate parallel hollow 
cathode plasma with radio frequency, and plasma sputtering. 
Based on these 3 methods, plasma sputtering has several ad-
vantages compared to other methods such as high deposition 
rates, low substrate temperatures, and synthesis high quality 
of thin films [8, 11]. Plasma sputtering works by utilizing high 
energy of plasma species as bombers of target materials [21].
Steel that is often used for industry, generally has lim-
ited mechanical performance. Many of research are done 
to improve steel mechanical performance [19]. One of the 
examples is research of increasing the hardness value of 
AISI H13 steel. The results of research indicate that increas-
ing the hardness value with the increasing carbon content of 
AISI H13 steel [22]. Besides AISI H13 steel, there is steel that 
often used in the industrial world, such as SKD11 steel [23]. 
SKD11 steel is often used for dies, forming, and cutting [15]. 
However, SKD11 steel still has weaknesses. SKD11 steel 
has low hardness, around 58–60 HV [13]. Based on these 
problems, research has to do to increase the value of steel 
hardness. One of the ways is deposition carbon thin films on 
SKD11 steel with plasma sputtering.
Power is an important role in the process of plasma 
sputtering [19, 23]. The higher the power, the stronger the 
electric field that is formed, and the greater ion energy. If 
the energy of ion is greater than the binding energy of the 
target material’s atoms, the atoms of the target material 
will be detached from the bonds of the atoms and move in 
all directions. The atom of the target material that comes 
out is called a sputtered atom [10]. Sputtered atom will be 
deposited on surface substrate and thin films structure that 
is formed will affect to the hardness of substrate [1].  
A similar study about the effect of plasma sputtering RF 
power on diamond-like carbon thin films was previously had 
been carried out by Jongwannasiri et al. Based on the results 
of the study showed plasma treatment on DLC films surface 
influenced to thickness change, but not affect to structure of 
the films with various RF powers [24]. However, the limitation 
of this result didn’t discuss about the effect of various plasma 
power on hardness of DLC films and only discuss the thickness 
of DLC films. Even though, Björling et al, found that the thick-
er deposited carbon thin film on substrate will have a high 
probability of carbon content [25]. In addition, Concepción et 
al, also found that the greater value of carbon content in car-
bon thin films, the greater value of hardness [16]. Therefore in 
this study, deposition carbon thin films with plasma sputtering 
for hardening SKD11 is done by using material target from 
battery carbon rods and determine effect power of plasma con-
nected with hardness of carbon thin films on SKD11.  
3. The aim and objectives of research
The aim of research is to investigate plasma sputter-
ing process to increasing hardness of carbon thin films on 
SKD11 steel.
To achieve this aim, the following objectives are accom-
plished:
– to observe plasma power affected on hardness of car-
bon thin films on SKD11 steel.
4. Experimental method
4. 1. Sample preparation
Material target that used in this research was pre-
pared by carbon rod from zinc-carbon ABC battery waste 
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(ABC Battery Industry, made in Indonesia). The carbon rod 
was cut into reach diameter 8 mm and length 55 mm. Then, 
the carbon rod was cleaned by ultrasonication with 40 kHz 
and 360 W in soap, solution for 1 minute. The cleaned car-
bon rod was dried in the oven at 300 °C for 2 hours. The 
substrate used is SKD11 steel. Before plasma sputtering 
process, the substrate was cleaned by technical alcohol.
4. 2. Deposition thin film
Carbon films were deposited using plasma sputtering. Plas-
ma is generated by low frequency generator (LFG) 40 KHz. 
The plasma system has diameter chamber of 250 mm. The 
carbon rod as material target was placed at the electrode. 
Carbon rods as a target material are placed on the electrodes. 
The distance between the target material and SKD11 steel 
is kept at 1.7 cm. The argon gas was introduced with flow 
rate of 20 mL/min into the chamber after vacuum process 
of 1.5 hours. The power used for generation varies 300 W, 
340 W, 380 W, 420 W and 460 W. The deposition is done for 
2 hours, keeping the temperature at 300 °C. The illustration 
scheme of the plasma sputtering system used in this research 
is shown in Fig. 1 and plasma sputtering process on vacuum 
chamber shown in Fig. 2.
Fig. 1. Scheme of the plasma sputtering system
Fig. 2. Plasma sputtering process on vacuum chamber
4. 3. Characterization
The hardness value of SKD11 steel that has been depos-
ited with carbon thin films on SKD11 with power treatment 
was tested using micro hardness Vickers at three different 
test points shown as Fig. 3. The hardness value of SKD11 
steel is obtained by taking the average hardness value from 
measurements at three test points that have been done pre-
viously. The content and morphology of the carbon rod and 
thin films carbon on SKD11 steel with plasma sputtering 
treatment on optimum power parameters of 340 W was mea-
sured using scanning electron microscope/energy dispersive 
using X-ray (SEM-EDX).
Fig. 3. Micro hardness vickers at three different test points 
on carbon thin films on SKD11 steel
5. Research results of hardness value of carbon thin films 
on SKD11 steel and SEM EDX
The hardness value of SKD11 steel that has been de-
posited with carbon film with power variations was tested 
with micro hardness Vickers to determine the effect of 
power on the plasma sputtering process on the hardness of 
SKD11 steel. The results of the SKD11 steel hardness test 
using micro hardness Vickers are shown in Table 1, Fig. 4.
Table 1
The hardness value of carbon thin films on SKD 11 steel after 
power of plasma sputtering treatment based on  
the microhardness Vickers test
Test Point 
Hardness Value (HV) Carbon thin films with 
Power
300 W 340 W 380 W 420 W 460 W
1 253.1 328.3 279.8 265.3 248.8
2 262.2 309.1 268.1 260.2 247.7
3 262.8 312.7 283.2 271.5 256.4
Average of 
hardness
259.3 316.7 277.0 265.7 251.0
Fig. 4. Graph of hardness value of SKD11 Steel with power 
treatment
SEM imaging of carbon rods and carbon thin film on 
SKD11 after plasma treatment with optimum power param-
eter of 340 W shown in Fig. 5, 6.
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SEM observation was carried out on the outermost part 
of carbon rods from ABC battery waste shown as Fig. 5. 
The red line of Fig. 5 is an area that shows composition of 
battery carbon rods shown as Table 2. Based on SEM-EDX 
results shown as Table 2, atomic carbon level of carbon rods 
has 81.94 %.
Fig. 5. SEM imaging of carbon rods outer layer from ABC 
battery waste
Table 2
Compositions of battery carbon rods based on SEM-EDX 
results
Element Atomic %
C 81.94
O 13.98
Al 0.98
Si 1.16
Cl 0.54
K 0.34
Ca 0.43
Fe 0.63
Fig. 6. SEM imaging of  carbon thin film on SKD11 steel after 
plasma sputtering treatment with optimum power parameter 
of 340 W
Table 3 shown carbon purity level of thin film on SKD11 
steel after plasma sputtering treatment with optimum pa-
rameter of 340 W.
Table 3
Compositions of carbon thin film on SKD11 steel after 
plasma sputtering treatment with optimum power parameter 
of 340 W based on SEM-EDX results
Element Atomic %
Cr 15,76
Mn 1,32
Fe 54.51
Ni 5.73
Si 0,90
O 8,32
C 13,36
V 0,11
6. Discussion of the research results of hardness value of 
carbon thin films on SKD11 steel and SEM EDX
It follows from Table 1 that the variation of power 
on plasma from 300 to 340 Watt increases the average of 
hardness value of carbon thin films on SKD11 steel, from 
259.3 HV increased to 316.7 HV. However, power variations 
from 380 W, 420 W and 460 W have decreased hardness at 
380 W to 460 W, from 277 HV to 251 HV. The treatment of 
power on plasma sputtering with highest average hardness 
value is obtained at power of 340 W with 361.7 HV. Fig. 4 
shows that downtrend on graph of relationship SKD11 steel 
with power treatment. Based on the graph shown as Fig. 4, 
the hardness value has a tendency to decrease when the 
power on plasma sputtering increases. This is because power 
is related to plasma energy. The greater the power causes 
the greater argon ion energy. It causes the transfer of energy 
from plasma to carbon atoms. As a consequence, carbon at-
oms have more energy when the power on plasma sputtering 
is greater. High-energy carbon atoms will tend to re-reflect 
or reflect rather than forming bonds or deposited on the 
surface. While at too low a power the carbon atom does 
not have enough energy to form carbon bonds on surface of 
SKD11 steel. At optimum power, the carbon atom is not too 
energetic but the energy it possesses is also not too small. 
As a result, the carbon bonds formed on the surface SKD11 
steel are higher than the other power parameters.  It can be 
seen in Fig. 7 which shows an illustration of the movement of 
carbon atoms from carbon rods on SKD11 steel substrates.
As follows from the Table 2 and Fig. 4, however, if 
this refers to previous research that solved the problem of 
successfully depositing carbon of carbon rod from waste 
of ABC battery which has 81.94 % of atomic carbon on a 
glass substrate using plasma sputtering [1]. Based, on these 
results, the carbon of carbon rods from ABC battery waste 
has potential to be used as a target material for deposition of 
carbon thin films on SKD11 steel substrate.
Based on surface morphology, the outer surface of the 
carbon rod has a rougher shape than the outer surface of 
carbon thin films on SKD11 (Fig. 5, 6.). Based on the pre-
vious reference, the atomic carbon of SKD11 steel without 
treatment is 1.5 %. Table 3 shows that if the atomic carbon 
of thin film on SKD11 after plasma treatment with optimum 
power parameter of 340 W compared with the carbon con-
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tent of SKD11 steel without treatment based on reference. 
Atomic carbon content in thin films on SKD11 with power 
treatment (13.36 %) is higher than atomic carbon content 
on SKD11 steels without treatment (1.5 %). Carbon impu-
rities in thin films affect the value of hardness. High carbon 
impurities indicate that concentrations of atoms that are not 
same type are high. The higher carbon impurities deposited 
on SKD11 steel, cause more smaller possibility bonding be-
tween carbon and carbon on SKD11 steel. This bond is cova-
lent bonds which is a strong bond and requires high energy 
to break the bond. More covalent bonds cause increasing the 
hardness of carbon thin films on SKD11. 
a                             b                             c 
Fig. 7. Main signature: a – deposition of carbon atoms at low 
power; b – deposition of carbon atoms at optimum power;  
c – deposition of carbon atom at high power;  – carbon atom; 
 – direction of carbon atom;  – atom of SKD11 steel
The advantages of this research compared to the other 
similar research, studies that are more discuss the effect 
of LFG plasma sputtering power with hardness value of 
SKD11 steel and obtain the maximum average of hardness 
value of carbon thin films on SKD11 steel with optimization 
of argon gas power parameter on plasma sputtering. Previ-
ous research, about the effect of plasma sputtering RF power 
on diamond-like carbon thin films had been carried out. 
However, the limitation of this result didn’t discuss about 
the effect of various plasma power on hardness of DLC films 
and only discuss the thickness of DLC films [25]. The other 
studies also have been carried out by deposition of carbon 
thin film with LFG plasma sputtering power treatment of 
220 W, 260 W, 320 W, and 340 W on glass using battery 
carbon rods as target. But, the result only discuss about 
FTIR results of carbon sputtering with various power [1].
The shortcomings and restrictions of the research, 
SKD11 without treatment are not tested by micro hardness 
Vickers to determine the hardness value. So that comparison 
of the hardness value of SKD11 steel without treatment is 
based on previous research as references and SEM-EDX 
is only tested on the most optimum power parameters of 
340 W. Plasma sputtering system in this study still uses 
manual systems and there are no pressure gauge sensors of 
plasma sputtering system. 
There are several things that can be developed in this 
research. Increased range of power variations (100–500 W) 
and measure the hardness value for each power variations. 
Pressure gauge can be added to know the value of pressure 
in the chamber of plasma sputtering system.
7. Conclusion
Experiment study of deposition carbon thin film on 
SKD11 with power on plasma sputtering treatment had been 
investigated to determine hardness performance. Based on 
micro hardness test, the optimum power treatment obtained 
at 340 Watt with the highest average hardness value is 
316.7 HV. At optimum power, the carbon atom is not too 
energetic but the energy it possesses is also not too small. 
Based on SEM-EDX observation, it can be described that 
comparison of atomic carbon from carbon rods without 
treatment (1.5 %) and carbon thin films on SKD11 with 
optimum power treatment (13.36 %) show different value. 
Number of atomic carbon of thin films on SKD11 with power 
treatment is higher than atomic carbon of carbon rods with-
out treatment.
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